Ca2*-triggered exocytosis was studied in single rat melanotrophs and bovine chromaffin cells by capacitance measurements. Sustained exocytosis required MgATP, but even in the absence of MgATP, Ca 2+ could trigger exocytosis of 2700 granules in a typical melanotroph and of 840 granules in a chromaffin cell. Granules undergoing ATP-independent exocytosis were similar in number to those appearing docked to the plasmalemma in quickly frozen unfixed sections (3300 in a melanotroph and 830 in a chromaffin cell). Most exocytosis required tens of seconds, but a small pool of granules was released in tens of milliseconds. Evidently, only a small subset of docked granules is rapidly releasable. We suggest that, temporally, the last ATP-dependent step in exocytosis is closely associated with docking and that docked granules reach fusion competence only after subsequent steps.
Introduction
Recent studies have identified several proteins required for vesicle transport and secretion in both yeast and mammalian cells (Ferro-Novick and Jahn, 1994; Scheller, 1995; SQdhof, 1995) . The challenge is to determine the sequence in which they act, and thus to characterize the individual steps in membrane transport. One of the best characterized systems is membrane transport through the Golgi stack, where the ATPase N-ethylmaleimide-sensitive fusion protein (NSF) is essential for a step after transport vesicles have docked to the Golgi cisternae with which they are destined to fuse (Orci et al., 1989) . The ATPase activity of NSF has led to the suggestion that the hydrolysis of MgATP by NSF supplies the energy needed for membrane fusion (Rothman, 1994) .
NSF is also thought to play a role in the regulated exocytosis of synaptic vesicles (S611ner et al., 1993; DeBello et al., 1995) and of dense-core vesicles in endocrine cells (Morgan and Burgoyne, 1995) . In neurons and endocrine cells, secretory vesicles accumulate beneath the plasmalemma, as if a "fusion clamp" (possibly synaptotagmin; Broadie et al., 1994; Geppert et al., 1994; Littleton et al., 1994 ) blocked a late step in exocytosis. Ca 2+ relieves the block and triggers their fusion with the plasmalemma. Does Ca 2+ act before or after ATP hydrolysis? In chromaffin (Holz et al., 1989) and PC12 (Hay and Martin, 1992) *These authors contributed equally to the experiments. cells, Ca 2+ triggers significant secretion also in the absence of MgATP, provided MgATP was present during an earlier "priming" step. Hence the Ca2+-triggering step comes after the last ATP-dependent reactions in the exocytic cascade. This view is supported by studies with DMnitrophen, a phctolabile Ca 2+ and Mg 2+ chelator. Raising cytosolic [Ca 2+] by flash photolysis of Ca-DM-nitrophen caused vigorous exocytosis in melanotrophs (Thomas et al., 1993a (Thomas et al., , 1993b , chromaffin cells (Neher and Zucker, 1993; Heinemann et al., 1994) , and presynaptic nerve terminals (Heidelberger et al., 1994) , even though the DMnitrophen is expected to have forced the cytosolic [Mg 2+] below 100 nM, too low to support an ATPase such as NSF. The possibility that Ca 2+ acts after ATP was also suggested for neurons (O'Connor et al., 1994; Scheller, 1995; SL~dhof, 1995) .
Furthermore, electrophysiological studies on endocrine cells have suggested the presence of distinct pools of granules at different stations along the secretory pathway. After flash photolysis of DM-nitrophen, exocytosis in chromaffin cells and melanotrophs occurred in three distinct kinetic phases that probably reflect three sequential reactions in the exocytic pathway. The first phase, the"exocytic burst," is apparently due to a small population of granules prepared to undergo exocytosis in a few milliseconds, while the second and third components may represent vesicles that had not yet attained full fusion competence at the time of the stimulus. The small, rapidly releasable pool causing the exocytic burst has been attributed to those granules that are already docked to the plasmalemma (Neher and Zucker, 1993; von RLiden and Neher, 1993; Thomas et al., 1993a Thomas et al., , 1993b . However, no systematic attempt has been made to compare morphologically and kinetically defined granule pools.
Here we confirm that a large pool of granules can be released in the absence of MgATP and measure the size of this pool. Morphologically docked granules are identified and counted in both melanotrophs and chromaffin cells; their numbers were similar to those releasable following MgATP depletion. We suggest that the last ATPdependent reaction is closely associated with docking and is thus an early step in the exocytic cascade. After docking, granules must undergo at least two additional preparatory steps before they can respond to Ca 2+ by exocytosis. These additonal steps can occur even when the cytosol contains no MgATP.
Results

Sustained Exocytosis Requires MgATP
To test whether exocytosis needs MgATP under our experimental conditions, we used glass micropipettes to perfuse the cytosol of single melanotrophs with a solution containing micromotar [Ca 2+] and measured exocytosis as a rise in the capacitance of the plasmalemma, Cr.. Figure  1 shows an example. All traces begin after patch break, when the pipette solution became continuous with the cytosol.
[Ca2+]~ was measured with Fura 2 (Figure 1 a) ; from its low value in resting cells (about 200 nM; Thomas et al., 1990) , [Ca2+]~ jumped to 2 I~M immediately after patch break and rose slowly thereafter.
When MgATP was present in the pipette solution, robust exocytosis continued for >7 min, adding 4.2 ___ 0.5 pF (n = 3) within 6 min ( Figure lb) . However, when ATP was omitted or replaced with a nonhydrolyzable analog, exocytosis added only 2.4 _ 0.7 fF (No ATP; n = 5) or 1.5 -0.3 fF (AMP-PNP; n = 3) in 6 min. Similar results were also obtained by Okano et al. (1993) . Figure lc plots the average time course of the rates of exocytosis from this experiment and other, similar experiments. Initially, exocytosis was rapid regardless of nucleotide in the pipette (off scale in Figure lc) . Over the following 6 min, it slowed to about 8 fF/s (7.9 _ 2.0 fF/s; n = 3) in the presence of ATP and stopped altogether in its absence (no nucleotide, 0.4 _+ 0.4 fF/s [n = 3]; AMP-PNP, 1.0 __+ 0.3 fF/s [n = 5]).
Similar results were obtained in chromaffin cells. In the first 6 rain after patch break, exocytosis added 6.2 __+ 1.0 pF (n = 3) in the presence of ATP and only 3.4 __+ 0.3 fF (no nucleotide; n = 3) or 1.5 -0.8 pF (AMP-PNP; n = 4) in the absence of ATP. Comparable results were also obtained by Burgoyne and Handel (1994) . As with melanotrophs, exocytosis continued beyond 6 min in the presence of MgATP (rate 5.2 _ 1.8 fF/s; n = 3) but had stopped after 4 min in its absence (AMP-PNP, 1.0 _ 1.5 fF/s [n = 6]; no nucleotide, -0.1 _ 0.6 fF/s [n = 3]). For both melanotrophs and chromaffin cells, we conclude that MgATP is necessary for sustained exocytosis and leaves the cell within 6 min when the cytosol becomes continuous with the contents of an ATP-free pipette.
Washout of ATP from Single Cells
To see how quickly ATP leaves a cell in this type of experiment, single melanotrophs were loaded through patch pipettes with fluorescent ATP (3'-O-methyl-ant hraniloyI-ATP [mant-ATP]; Hiratsuka, 1983) . When the cell had become sufficiently fluorescent, the pipette was gently removed. After 5-10 min, a second pipette lacking fluorescent ATP was connected with the cytosol. Figure ld shows the escape of fluorescent ATP from the cell. ATP was lost rapidly, with only 5% -+ 1% remaining after 6 min. The traces showed multiple kinetic components and were well fitted by the sum of a constant plus two exponentials, one fast and the other slow. The fast component (trace 2) has the time constant 27 _+ 4 s (n = 7), as expected when a substance with the molecular weight of mant-ATP escapes from cells, and through pipettes, of the size used here (Pusch and Neher, 1988) . Trace 2 presumably represents the loss of free ATP, or of ATP dissociating rapidly from proteins, and accounted for 82% _+ 4% (n = 7) of the initial ATP content. The remainder (18o) represents ATP that dissociates more slowly or is sequestered in intracellular compartments. Multiple pools of slowly exchanging ATP probably lose nucleotide with different time constants. Trace 3 shows the slow component in isolation. In In control experiments, the internal solution contained less Ca 2÷ ([Ca2+], = 283 + 12 nM; n = 3), and Cm declined by 431 _+ 137 fF (n = 3) in 6 min, probably owing to endocytosis. (c) Rates of exocytosis with nucleotides supplied as indicated. Regression lines were fitted to successive 30 s segments of Cm traces as in (b), their slopes were calculated, and the results from n cells were averaged (n = 5 for AMP-PNP; n = 3 for No ATP; n = 6 for ATP). In the ATP data set, only 3 of 6 cells endured for the full 7 rain of the experiment; 2 were lost after 2.5 min and 1 more after 4 min. Data in the first minute after patch break were off scale. Every other point is shown with an error bar (SEM) if greater than the size of the symbol. 
was superimposed on the data (continuous trace). Referred to the initial fluorescence, K = 2%, and the amplitudes of the exponentials were A, = 79% and A, = 19%; the exponential time constants were -c~ = 20 s and -rs = 130 s. The function is not clearly visible as it superimposes precisely onto the experimental trace. Trace 2 (dashed line): the fast component of ATP escape, given by the function fl(t) = Af[1 -exp(-t/'~f)]. Trace 3: slow component obtained by subtracting trace 2 from the experimental data in trace 1. At late times, the slowing of fluorescence decline may be partially attributed to backflux into the cell of mant-ATP that has accumulated in the pipette tip. The pipette made a 6.4 M~ connection with the cytosol of a 3.4 pF melanotroph. Fluorescence is given in millions of photon counts per second. Throughout, the time origin marks the moment the pipette connects with the cytosol. this case, 16% of the slowly exchanging ATP remained in the cell after 6 min; the average value was about one-third.
In summary, essentially all free ATP (96% if the time constant of washout is 27 s) is lost within 2 rain of patch break, and 95% of all ATP, including bound ATP, is lost after 6 min. Even bound or sequestered ATP was significantly depleted in 6 min. Similar results were obtained in 4 chromaffin cells (data not shown). Figure ld does not tell how rapidly ATP dissociates from the enzymes involved in exocytosis. However, this cannot take longer than 6 min, because exocytosis stops within 6 min without ATP while it continues when ATP is present ( Figures I b and lc) . The dissociation of ATP from NSF occurs in much less than 6 min (Wilson et al., 1992) .
Ca2+-Triggered Exocytosis in the Absence of MgATP
In Figure 1 cient to support essential steps in the exocytic cascade.
To test for ATP-independent exocytosis more directly, Ca ~+ was supplied bound to a photolabile chelator, DM-nitrophen. While [Ca2+]~ was kept at levels too low to support exocytosis, Mg 2÷ and ATP were washed out of melanotrophs and/or replaced with nonhydrolyzable ATP analogs, with at least 6 min allowed for washout or replacement. Even after 6 min of perfusion with Mg 2+-and ATP-free solutions, robust exocytosis occurred (Figure 2b ) when [Ca2+]~ was raised by flash photolysis of DM-nitrophen (Figure 2a) . Similarly, strong exocytosis was seen when ATP was replaced with ATPyS or AMP-PNP, two nonhydrolyzable analogs used as competitive inhibitors of ATPases. Within 40 s after the flash, melanotrophs had increased their preflash Cm by about 57% (2700 fF), despite MgATP depletion or replacement (Table 1) . With a surface area of 0.1 ~m 2 (see Table 2 ), a secretory granule in a melanotroph is equivalent to 1 fF of capacitance; therefore, a capacitance increase of 2700 fF represents exocytosis of 2700 granules.
In similar experiments with chromaffin cells, ATP was replaced with AMP-PNP (Figures 2c and 2d ). MgATPindependent exocytosis added 2900 fF in a typical cell of 6.0 pF preflash Cm, fractionally slightly less than in melanotrophs (Table 1) . With a surface area of 0.34 i~m 2 and a calculated capacitance of 3.4 fF for a typical chromaffin granule (see Table 2 ), the Cm increase represents exocytosis of 840 chromaffin granules.
In permeabilized chromaffin cells, the primed state is unstable, and most MgATP-independent exocytosis is lost after only 4 rain in the absence of ATP ("de-priming"; Holz et al., 1989) . Under our experimental conditions, however, exocytosis was no more extensive after a 2 min perfusion than after a 6 min perfusion ( Table 1 ), indicating that the ability for MgATP-independent exocytosis remained undiminished for at least 4 rain. The difference between ours and the earlier results is unclear; perhaps de-priming requires Mg 2+, which was absent in Figure 2 .
An Exocytic Burst Remains after MgATP Depletion
In previous work, a step rise in [Ca2+]i triggered both rapid and subsequent slower phases of exocytosis (Neher and Zucker, 1993; Thomas et al., 1993a Thomas et al., , 1993b Heinemann et al., 1994) . To test whether this remains true after ATP depletion, Cm traces as in Figure 2b were examined on a faster time scale. As before (Thomas et al., 1993b) , there is a rapid phase of exocytosis even after ATP depletion ( Figure 3 ). To show this more clearly, a second order polynomial was fitted to a typical Cm trace from a rnelanotroph ( Figure 3a , continuous line). Although the line provides a good fit to the trace from about 140 ms onwards, it deviates from the earlier portion of the trace, which rises more quickly. Hence, a rapid phase of exocytosis, called exocytic burst (Thomas et al., 1993a (Thomas et al., , 1993b , remains after ATP depletion. The slower component, whose early portion is fitted here with the polynomial, is selectively inhibited by mild cytosolic acidification (Thomas et al., 1993b) and was not further explored here. Cm increase was measured 40 s (as in Figure 2 ) and 140 ms (as in Figure 3 ) after flash photolysis of Ca-DM-nitrophen. Where indicated, the time between patch break and flash was only 2 rain, and the pipette contained 2 mM ATP. Cm changes are given as a percentage of the initial Cm, C,; for illustration, the same results are also given in femtofarads, calculated to refer to typical melanotrophs of 4.7 pF and to chromaffin cells of C, = 6.0 pF (see Experimental Procedures). Experiments were included only if the [Ca2÷], remained above 20 pM for 40 s after the flash.
The amplitude of the exocytic burst was estimated as the capacitance added in the first 140 ms after the flash and was 215-280 fF (see Table 1 ). Its value corresponds to exocytosis of 215-280 secretory granules, less than 10% of the MgATP-independent exocytosis measured 40 s later. The value given by Thomas et al. (1993b) was similar, but these authors found slightly larger values with ATP in the pipette than without, a finding not apparent in Table 1 .
Traces from chromaffin cells as in Figure 2d were expanded in Figures 3b and 3c and analyzed as in Figure  3a . With AMP-PNP replacing ATP, exocytosis added 277 fF within 140 ms after the flash, corresponding to the exocytosis of 80 chromaffin granules. This is only 11% of the granules ultimately released without MgATP.
In about 20% of melanotrophs and chromaffin cells, no fast phase was obvious with or without ATP (see Figure  3c for an example in a chromaffin cell). The absence of a fast phase was previously noticed in chromaffin cells (Neher and Zucker, 1993) when [Ca2÷] , before the flash was low. Since Cm rises in the first 140 ms even in cells lacking a fast phase, our analysis tends to overestimate the amplitude of the exocytic burst, but this does not change the conclusion that the exocytic burst represents only a small fraction of ATP-independent exocytosis.
Shortening the period of perfusion before the flash had little influence on the amplitude of the exocytic burst (see Table 1 ). The finding confirms an earlier result that the amplitude of the exocytic burst in melanotrophs declines only slowly with time (time constant = 20 min; Thomas et al., 1993b) .
To summarize, even after 6 min without MgATP, both melanotrophs and chromaffin cells are capable of vigorous exocytosis. As in the previous work with flash photolysis where ATP depletion was not systematically attempted, there is a small population of granules that can be rapidly released; it accounts for only about 10% of MgATPindependent exocytosis.
Morphology
To determine whether any of the components of exocytosis identified here are correlated with morphologically docked granules, we explored the space beneath the plasmalemma in sections from quickly frozen, unfixed samples. Figure 4 shows the periphery of a melanotroph (top) and of a chromaffin cell (bottom). Both show dense-core secretory granules. Some sections were incubated with antibodies against known granule constituents in the 2 cells and labeled with immunogold (data not shown). In melanotrophs, many though not all granules were labeled by an anti-iS-endorphin antibody; in chromaffin cells, an antibody against chromogranin labeled all dense-core granules.
In Figure 4 (top panel), 4 secretory granules (arrowheads) are seen to contact the plasmalemma; their shortest distance from it must be <10 nm, our limit of resolution. Given that the extramembrane domain of a fusioncatalyzing protein such as the influenza virus hemagglutinin is longer (13 nm; Wilson et al., 1981) , these 4 granules are probably close enough to be molecularly bound to the plasmalemma. Two granules lie 10-20 nm (short arrows) and another 40-50 nm (long arrow) away from the plasmalemma; others lie further away. Compared with the number of granules touching the plasmalemma, however, distances of 10-50 nm appear underrepresented. In chromaffin cells, peripheral granules are larger and fewer in number. In the cell shown in Figure 4 (bottom), 1 granule contacts the plasmalemma, which slightly invaginates to- In chromaffin cells, the plasmalemma was often seen to invaginate toward the granule. Insets magnify granules contacting the plasmalemma. We define the area of contact as that over which granule and plasmalemma appear <10 nm apart. Lines drawn at right angles to the plasmalemma estimate the diameter of the contact area, 2R~. In three separate preparations of melanotrophs, R~ = 26.5 _+ 12 nm (n = 85), 28 _+ 11.5 nm (n = 40), and 36 -19.5 nm (n = 62); values are mean _+ SD; the medians were 27.5, 27.5, and 30 nm, respectively. In three chromaffin cell preparations, R~ = 40.5 _+ 21.5 nm (n = 20), 27.5 _+ 17nm(n = 10),and36.5 _+ 21.5nm(n = 16); the medians were 30, 22.5, and 30 nm, respectively.
ward it as if pulled by a molecular interaction. Other granules lie >50 nm away. G r a n u l e s at distances of 1 0 -5 0 nm were rare; in the bottom panel, none was seen.
Sections similar to those in Figure 4 w e r e analyzed by plotting the n u m b e r of granule profiles against their distance from the p l a s m a l e m m a ( Figures 5A and 5B ). In both m e l a n o t r o p h s and chromaffin cells, g r a n u l e s were more n u m e r o u s within 10 nm of the p l a s m a l e m m a (i.e., in contact with it) than at any other distance. The distributions in Figures 5A and 5B suggest that most of the g r a n u l e s contacting the p l a s m a l e m m a w e r e bound to it (docked). In melanotrophs, the n u m b e r of granule profiles fell gradually with distance; the relatively large counts at 2 0 -3 0 nm are attributed to d o c k e d granules contacting the plasm a l e m m a outside the section.
Comparison with Exocytosis
For c o m p a r i s o n with our electrophysiological measurements, g r a n u l e s per m i c r o m e t e r length of p l a s m a l e m m a were c o n v e r t e d into g r a n u l e s per s q u a r e micrometer of cell surface a r e a ( Figures 5A and 5B , closed symbols, right hand ordinates). The conversion factor varies with distance from the p l a s m a l e m m a , as g r a n u l e s near the p l a s m a l e m m a are u n d e r s a m p l e d relative to more r e m o t e granules (see Experimental Procedures). This effect probably explains why the h i s t o g r a m s in Figures 5A and 5B ultimately rise again after going through a minimum at intermediate distances.
There were 7.4 granules/l~m 2 b e n e a t h the plasm a l e m m a in m e l a n o t r o p h s and 1.6 granules/l~m 2 in chro- . The wide bars combine counts from several bins; the counts were divided by the number of bins combined so that all ordinates refer to a bin width of 10 nm. Error bars give the ordinate divided by the square root of the number of counts and show the statistical error due to the limited number of granules counted in each bin. Right ordinates refer to the closed symbols only and were calculated by dividing the left ordinates by the factors (h + 2Rg) (circles) or (h + 2R~) (triangles) as explained in Experimental Procedures and in Figure 7 . The dashed horizontal lines were drawn through the closed circles and estimate the number of chance proximities between granules and plasmalemma, expected to be proportional to the cytosolic concentration of granules (see Table 2 ). Table 2 . Surfaces were converted into capacitances assuming 10 fF/pm 2. The average cell surface areas were based on Cm measurements before flash photolysis; they were 470 p.m 2 for melanotrophs maffin cells. We expect that not all were bound to the plasmalemma, since granules are found throughout the cytosol and some will lie next to the plasmalemma by chance. We estimate the number of such chance encounters as equal to the number of granules at a distance of 100-200 nm ( Figures 5A and 5B , closed circles and dashed lines); this is justified if the cytosolic concentration of granules does not vary over the small distances explored here. Subtraction of the dashed lines yields 7.0 docked granules/p.m 2 in melanotrophs (3300/ce11) and 1.4/ pm 2 in chromaffin cells (830/ce11; Table 2 ). Figure 5C compares the surface areas associated with docked granules with the rise in Cm due to exocytosis. Although chromaffin cells have 4-5 times fewer docked granules than melanotrophs, the surface areas associated with them are nearly the same in both cell types ( Figure  5C ). If all docked granules underwent exocytosis, Cm would rise by about 3.3 pF in melanotrophs and 2.8 pF in chromaffin cells. These values are similar to the Cr, increases seen with Ca2+-triggered exocytosis in the absence of ATP hydrolysis. The Cm increases tend to underestimate exocytosis because they occur simultaneously with rapid endocytosis. In melanotrophs, however, the capacity for rapid endocytosis is limited to 500-1000 fF in the absence of ATP and GTP (Thomas et al., 1994) ; whether it consistently occurs in chromaffin cells is unclear (Neher and Zucker, 1993; Heinemann et al., 1994) . Even if we add 1000 fF to the exocytic response in melanotrophs, the result is 3700 fF or 3700 granules, still close to the 3300 granules that appear morphologically docked. Evidently, there are enough docked granules in both cells to account for ATP-independent exocytosis. The fastest kinetic component of exocytosis, the exocytic burst, would exhaust only one-tenth the number of docked granules. Apparently, only a small subsetof docked granules is fully exocytosis competent at any given time.
Cytosolic Concentration of Peripheral Granules
Figures 5A and 5B allow us to calculate the concentration of granules in the peripheral cytosol of cells, since the number per square micrometer of cell surface refers to a shell of 10 nm thickness. The results are shown in Table  2 along with an estimate based on more conventional stereologic methods. On the whole, the agreement is good. Holz et al. (1989) have shown that secretory granules are capable of MgATP-independent exocytosis. They suggested that the last ATP-dependent reactions in the secretory pathway do not themselves drive exocytic fusion, but instead "prime" granules so that Ca 2+ may trigger their exocytosis at a later time (also see Bittner and Holz, 1992;  and 600 p_m 2 for chromaffin cells. Open bars show the Cm increase with AMP-PNP replacing ATP, measured 40 s (see Figure 2 ) or 140 ms (see Figure 3) after release of caged Ca 2+. Values are the means of three separate preparations each of melanotrophs and chromaffin cells. " Anaryses were performed as in Figures 5A and 5B. To get the diameters of contact areas, we corrected the medians given in the legend of Hay and Martin, 1992) . The priming reaction investigated in endocrine cells is the formation of phosphatidylinositol-4,5-bisphosphate (Ptdlns-4,5P2) by phosphatidylinositol-4-phosphate-5-kinase and a phosphatidylinositol transfer protein (Hay and Martin, 1993; Hay et al., 1995 ; see also Eberhard et al., 1990) , but there may be additional late ATP-requiring reactions (e.g., ATP hydrolysis by NSF). Therefore, we use the word "priming" collectively for the last ATP-requiring reactions in the exocytic cascade. To determine how many granules can be released by a primed cell, we removed or replaced ATP while keeping [Ca2+]i low to avoid the potential loss of primed granules by exocytosis. After 6 min of preincubation, Ca 2+ triggered exocytosis of 2700 granules in melanotrophs and of 840 granules in chromaffin cells. Two control experiments showed that the ATP required for exocytosis had left the cell at that time or had been replaced with nonhydrolyzable analogs. First, measurements with fluorescent ATP showed that free ATP is lost completely within 2 rain of perfusion. Second, Ca2+-stimulated exocytosis stops after 6 min in the absence of ATP, but continues in the presence of the nucleotide.
Discussion
ATP-Dependent and -Independent Exocytosis
After shorter, 2 min preincubations, the number of granules released was no higher even though ATP but not Mg 2+ was present (see Table 1 ). This suggests that melanotrophs and chromaffin cells maintain pools of primed granules that are stable over at least 4 min under our experimental conditions.
Docked Granules in Endocrine Cells
By morphometric analysis of unfixed sections, we have shown that secretory granules are markedly enriched immediately beneath the plasmalemma. The enrichment is attributed to binding (docking). We define as docked those granules seen to touch the plasmalemma, with due account taken of granules lying there by chance. Like neurons, endocrine cells apparently contain a population of docked granules. However, docked granules appeared randomly scattered over micron distances (2-3 ~m in a section, corresponding to about 0.5 lam 2 of plasmalemma), and this makes them less conspicuous than the vesicles concentrated at the active zone of a nerve terminal.
In a previous review, Burgoyne (1991) estimated 450 docked granules per chromaffin cell. The "peripheral granule density" of 19-33 granules/l~m 3 reported by Vitale et al. (1995) agrees with our findings (see Table 2 ), but their observation that fewer granules lie within 50 nm of the plasmalemma than at distances between 50 and 100 nm does not. The differences with earlier work may be due to differences in analysis or to the avoidance of chemical fixatives. In a preliminary analysis of glutaraldehyde-fixed sections (H. H., unpublished data), the density of docked granules was 2-fold smaller than in Figure 5B and nearly identical to that given by Burgoyne (1991) .
Docking and Priming
Docked granules were similar in number to those undergoing Ca2+-triggered exocytosis in the absence of ATP. This is consistent with the idea that in melantrophs and in chromaffin cells the last ATP-dependent steps in secretion occur at or about the time of docking. If docking occurred long before ATP hydrolysis, there should be a significant population of granules that are docked but not primed, and if docking occurred long after, then there should be a population of primed granules that are not docked. Neither was seen.
We cannot exclude the possibility that priming affects only the plasmalemma, and that even granules not yet docked can be released without further ATP hydrolysis if they interact with primed plasmalemma. In that case, the correspondence between docked vesicles and ATPindependent exocytosis would be a coincidence. However, the mechanism of endocrine exocytosis would then differ significantly from transport through the Golgi stack, where cargo vesicles must dock before NSF can hydrolyze ATP and enable fusion.
Only a Few Docked Granules Are Rapidly Releasable
Recent studies of neuroendocrine exocytosis have provided kinetic evidence for a small pool of granules prepared for rapid release. It has been suggested that this pool represents the totality of docked granules and that refilling of this pool requires the docking of new granules (Neher and Zucker, 1993; von ROden and Neher, 1993; Thomas et al., 1993b; Vitale et al., 1995) . This view must now be questioned, as there are many more docked granules than can be rapidly released.
Furthermore, the exhaustion of rapidly releasable granules apparently requires the [Ca2+]i to increase uniformly beneath the entire plasmalemma, as occurs after flash photolysis. When Horrigan and Bookman (1994) triggered exocytosis in chromaffin cells by Ca 2÷ entry through voltage-gated Ca 2+ channels, they identified an even smaller subset of releasable granules. They proposed this subset to represent the granules docked closest to open Ca 2÷ channels (Horrigan and Bookman, 1994) . In melanotrophs, a small, rapid phase of exocytosis occurring during brief depolarizations was similarly attributed to granules docked near Ca 2+ channels (Thomas et al., 1990) .
Docked vesicles lacking full exocytic competence probably also exist at the frog neuromuscular junction. With dozens of synaptic vesicles morphologically docked at each of the 300 active zones of the presynaptic terminal (Ceccarelli and Hurlbut, 1980) , there are altogether tens of thousands of docked vesicles per junction. A single action potential releases only 100-200 vesicles. Yet both the statistics of transmitter release (Miyamoto, 1975; Aimers and Tse, 1990 ) and the high rate constant of Ca 2~-triggered exocytosis (Heidelberger et al., 1994) strongly suggest that one action potential significantly depletes a small pool of release-ready vesicles. Once again, only a fraction of the docked vesicles appear readily releasable.
The Last ATP-Requiring Steps in Exocytosis
After cargo vesicles have bound to Golgi cisternae, they require both MgATP and the ATPase NSF to complete fusion. Together with soluble NSF attachment proteins (SNAPs) and SNAP receptors (SNAREs), NSF forms a large (20S) complex, the putative fusion particle. In vitro, ATP hydrolysis by NSF causes disassembly of the 20S complex; in vivo, it is thought to provide the energy for fusion, and the disassembly of the 20S complex is seen as part of the fusion reaction (Rothman, 1994) . Constituents of the 20S complex are also required in endocrine exocytosis (Morgan and Burgoyne, 1995) .
Here we confirm that Ca 2÷ also triggers exocytosis when MgATP is absent (Holz et al., 1989; Hay and Martin, 1992) or replaced with nonhydrolyzable analogs. Since 80% of ATP dissociates from the 20S complex in 2 rain at 4°C (Wilson et al., 1992) , ATP bound to NSF is part of the rapidly exchangable pool in Figure ld , and our 6 min incubation at 25°C must have removed it completely. Clearly, the exocytosis seen in vivo (see Figure 2) took place under conditions where neither ATP hydrolysis nor disassembly of the 20S complex could have occurred in vitro. In endocrine cells, therefore, any role played by the NSF ATPase must represent an early step in the exocytic cascade that is minutes removed from the fusion event. An additional, late ATP-requiring step in exocytosis is the formation of Ptdlns-4,5P2 by phosphatidylinositol-4-phosphate-5-kinase and a phosphatidylinositol transfer protein. Both proteins are required for the ATP-dependent priming of exocytosis (Hay and Martin, 1993; Hay et al., 1995 ; see also Eberhard et al., 1990) . Ptdlns-4,5P2 has been suggested to be important for the interaction between secretory granules and the cytoskeleton and, hence, for granule docking (Martin, 1994) .
The Final Stations on the Secretory Pathway
We suggest that previous reaction schemes of endocrine exocytosis (Bittner and Holz, 1992; Thomas et al., 1993b; yon R~den and Neher, 1993; Heinemann et al., 1994) may be amended as shown in Figure 6 (see also Scheller, 1995) . The two candidates for the last ATP-requiring reaction, ATP hydrolysis by NSF and the formation of Ptdlns-4,5P2, are collectively referred to as priming. We do not know which of them occurs first. In vesicle transport through the Golgi, ATP hydrolysis by NSF occurs after docking, and we assume the same applies here, even though direct evidence is lacking. If so, hydrolysis must occur soon after docking, or there would be a sizeable population of granules that are docked but not primed; this was not seen.
The remainder of the reaction scheme is based on studies of exocytosis after a step rise in [Ca2+], (22oc -24°C; Thomas et al., 1993b) . In melanotrophs, the 250 granules in the most rapidly releasable pool undergo exocytosis within about 100 ms. This exocytic burst is followed by two other components; one lasts about 1 s and is blocked by mild cytosolic acidification, while the last continues for tens of seconds and is steeply temperature sensitive. With a preflash [Ca2+]i of 100 nM, DM-nitrophen in this and previous papers (Thomas et al., 1993a (Thomas et al., , 1993b will have forced the cytosolic [Mg 2+] down to 10 nM or less (see Experimental Procedures), and the [MgATP] to values a thousand times less than is needed for halfmaximal priming in chromaffin cells (Holz et al., 1989) . Therefore, all three kinetic components observed with DMnitrophen represent steps subsequent to the last ATP hydrolysis reaction--one steeply sensitive to temperature, the second sensitive to pH, and the last sensitive to Ca 2÷.
If ATP hydrolysis by NSF does power fusion, the energy of hydrolysis must remain stored in the fusion complex throughout these steps. While in vitro the 20S fusion complex disassembles after ATP hydrolysis, this may not be the case in vivo if the complex is constrained by other parts of the docking complex and/or by the two membranes it connects. It is unknown to what extent the fusion complex disassembles and whether NSF remains attached to it. In any event, the binding of three Ca 2+ ions to the Ca 2+ sensor activates the fusion complex so that fusion occurs, possibly driven by energy that remained stored in the complex. Fusion is accomplished within 40 ms in melanotrophs and faster in chromaffin cells .
If there are three pools of primed granules, their relative In the course of granule docking, VAMP/synaptobrevin on the granule membrane combines with syntaxin and SNAP-25 on the plasmalemma to form a 7S complex, which grows into a 20S complex by recruiting aSNAP and NSF (SSIIner et al., 1993) . ATP hydrolysis by NSF and the phosphorylation of phosphatidylinositol-4-phosphate (not shown) complete priming. A fusion particle remains after ATP hydrolysis and changes conformation in subsequent reactions inferred from kinetic studies in melanotrophs. The designations S* and S~-$3 correspond to stations on the secretory pathway in melanotrophs (Thomas et al., 1993b) ; the times for individual reaction steps are approximate and apply at 22°C-24°C.
occupancy may well be influenced by Ca 2÷ and other sec- 
Experimental Procedures
Cell Preparation Melanotrophs were prepared as described (Thomas et al., 1990) , and chromaffin cells as follows. At the abbatoir, adrenal glands were dissected free from surrounding tissue, and a major blood vessel was cannulated with a glass pipette. The gland was perfused with a perfusion solution containing 118 mM NaCI~, 3.3 mM KCI, 1.0 mM NaH2PO,, 1.0 mM MgSO4, 10 mM glucose, 25 mM HEPES, and 1 U/ml penicillin/ streptomycin. The perfusate was allowed to drain through several cuts made into the gland. Glands were then immersed in perfusion solution and put on ice. In the laboratory, perfusion resumed for 60 min (37°C) and then continued for another 30 rain (37°C) with enzyme solution (containing in addition 1 mg/ml collagenase [Sigma Type I] plus 0.1 mg/ml gentamycin, 0.25 U/ml nystatin, and 1 mg/ml bovine serum albumin). The medullas were removed from the glands, cut into small pieces, pressed through a nylon sieve with a Teflon pestle, and reincubated for 30 min at 37°C in enzyme solution. Following filtration through a gauze cloth, the cell suspension was centrifuged at 600 rpm for 10 min (Sigma 302 centrifuge at 25°C). To remove the collagenase, the ceils were washed twice with perfusion solution (containing also 0.1 mg/ml gentamycin, 0.25 U/ml nystatin, and 10 mg/ml bovine serum albumin) and centrifuged again. Cells were resuspended in culture medium (45% DMEM [GIBCO 041-1966] , 45% Ham's F-12 [GIBCO 041-1765] , 100/o fetal calf serum [PAN Systems], 15 mM HEPES, 1 U/ ml penicillin/streptomycin, 0.1 mg/ml gentamycin, 0.25 U/ml nystatin). The cell suspension was then plated for 1 hr at 37°C in tissue culture flasks (600 ml, Greiner Labortechnik) to allow the fibrobiasts to settle. The chromaffin cells remaining in suspension were decanted from the flasks and reptated onto poly-D-lysine (0.5 mg/ml)-coated glass coverslips (12 mm diameter) at 2 x 104 cells/coverslip. The coverslips were kept in 35 mm petri dishes filled with medium and maintained in a humidified incubator at 37°C with 5% CO2. Melanotrophs and chromaffin cells were used 1-4 days after plating. During experiments they were bathed in a Mg2+-free recording solution consisting of 125 mM NaCI2, 20 mM tetraethylammonium chloride (TEA-CI), 10 mM Na-HEPES, 5.5 mM glucose, 3 mM KCI, and 2 mM CaCI2 (pH 7.4) and maintained at room temperature (21°C -25°C). Results are given _4-SEM. Within 1-3 s after establishing whole-cell continuity, the CapTrak facility of the EPC-9 was activated, and Cm, membrane conductance (G,), and the resistance of the pipette-cytosol junction were sampled at 1 Hz.
Normalization of Capacitance Changes
To allow comparison between ceils of different size and with previous work, all Cm changes were divided by the initial capacitance (C~) of the cell and then multiplied by 4.7 pF (melanotrophs) or 6.0 pF (chromaffin cells), typical values of C~ in these cells. In the present data set, averages for C, were 5.09 -+ 0.36 pF (n = 49) for melanotrophs and 6.02 + 0.56 pF (n = 32) for chromaffin cells.
Measurements with Fluorescent ATP
We used mant-ATP, a ribose-modified fluorescent ATP derivative (Hiratsuka, 1983) . A pipette containing 5 mM mant-ATP plus 76 mM Csglutamate, 16 mM TEA-CI, 50 mM Cs-HEPES, and 0.5 mM Cs-EGTA was connected with the cytosol to load the cell. When the cell had become sufficiently fluorescent, the pipette was removed; this was done gently to avoid rupture of the plasmalemma and resulted in an outside-out patch with gigaseal in all successful experiments. After 5-10 min (6.9 _+ 0.7 min; n = 7), a 5.7 + 0.9 MQ connection with the cytosol (range 2-8 MQ) was established using a second pipette lacking mant-ATP. Mant-ATP then escaped from the cytosol into the pipette. Cytosolic [mant-ATP] was monitored fluorimetrically by photon counting, exciting at 360 rim, and collecting emission at >450 rim. The fluerescence of the cell was also measured before filling with mant-ATP and subtracted as background from all subsequent readings (1.33% _+ 0.02% of initial fluorescence in experiments as in Figure  ld ; n = 7).
Experiments with Ca 2÷ Supplied as Ca-DM-nitrophen
The electrical measurements and flash photolysis of DM-nitrophen were done as described (Thomas et al., 1993b) . Cm and G, were sampled every 1.2 ms with a 40 mV peak to peak, 800 Hz sinusoid superimposed on a potential of -60 mV. Patch pipettes made 4.37 _+ 0.18 M~ connections with the cytosol of melanotrophs (n = 37; range 1.7-5.0 M~) and 4.43 _+ 0.14 M~ with the cytosol of chromaffin cells (n = 18; range 1.76-8.6 M~). They contained 76 mM Cs-glutamate, 16 mM TEA-CI, 50 mM Cs-Hepes, 10 m M Na4DM-nitrophen, 8 mM CaCI2, with or without the indicated nucleotide (at 2 mM). After preparation of this solution, 0.2 mM Fura 2 was added to an aliquot of this solution to measure its [Ca2+]; the solution was placed in a 20 #m thick glass microcuvette (Vitro Dynamics, NY), the cuvette was placed in the experimental chamber as though it were a cell, and its [Ca 2+] was measured (range 10-200 nM, mean 56 -+ 8 riM; n = 29). We added 0.2 mM furaptra to the remainder of the solution and used it for experiments. Because the low Ca 2. affinity of furaptra prevented us from measuring the preflash [Ca~'], in cells, we performed experiments where melanotrophs were filled with solutions prepared identically except that they contained 0.2 mM Fura 2.
[Ca], measured about 2 min after patch break ranged from 2 to 861 nM (mean 163 _+ 46 nM; n = 27).
Assuming equilibrium between the pipette solution and the cytosol, the preflash cytosolic [Mg 2+] can be shown to be
where a is the ratio of affinities of DM-nitrophen to Ca 2. over Mg 2+ (a = 500; Kaplan and Ellis-Davies, 1988 (Sillen and Martell, 1971 ).
Measurement of [Ca2+],
Ratiometric measurements of [Ca2+], were done with Fura 2 or furaptra as described (Thomas et al., 1993b) . Calibrations on melanotrophs were carried out as before, except that the [Ca2*], of the solution used to determine the variable K* (defined in Thomas et al., 1993b) was measu red directly with a Ca 2"-sensitive electrode. During experiments, [Ca2*], readings were taken at 1 Hz, except that the frequency was increased to 4 Hz during an interval starting -5 s before and ending 10 s after the flash. Calibration constants for chromaffin cells were assumed to be the same as those of melanotrophs.
Electron Microscopy
Melanotrophs and chromaffin cells were prepeared as above and plated onto 3.0 mm diameter round poly-D-lysine-coated glass COVerslips for 24 hr. The coverslips were mounted in a forceps held by a gravity-driven plunger (Adrian et al., 1984) . The coverslip was blotted from behind with filter paper (Schleicher & Schuel1311809) to remove excess buffer and plunged into a liquid ethane-filled tube standing in a liquid nitrogen bath. Freeze substitution was carried out as in van Genderen et al. (1991) . The coverslips were placed into the precooled -90°C chamber of a Leica AFS Substitution Apparatus. Uranyl accetate (1.5%) in methanol was slowly introduced and left for 36 hr. Coverslips were then warmed to -45°C at a rate of 5°C/hr. After washing 3 times with pure methanol for 30 min, infiltration with the Lowicryl HM-20 embedding medium was begun. The samples were washed twice for 1 hr each with a 1:1 mixture of methanol and HM-20, then with a 1:2 mixture of methanol and HM-20 (two washes, 1 hr each), and finally with HM-20 alone for 2 hr. The coverslips were then placed into embedding molds, polymerized at -45°C under UV light for 36 hr, and finally warmed to room temperature. Sections were cut parallel to the plane of the coverslip and placed onto Formvar-carbon-coated 100 mesh hexagonal copper grids. In some experiments, sections from melanotrophs were incubated with a polyctonal antibody against ~-endorphin (Cappell), and sections from chromaffin cells were incubated with a monoclonal antibody raised against human chromogranin A (anti-bga 286); antibodies were visualized with colloidal gold (Tokayasu, 1980) . Sections were left in 0.1 M cacodylate buffer with 10/0 glutaraldehyde (pH 7.4) for 5 rain, followed by four 30 min washes in distilled water. For poststaining (Gowen et al., 1995) , a 10 min incubation with 2% OsO4 was followed by four 30 rain washes in distilled water. The grids were stained with 1.5% uranyl acetate/50% ethanol for 10 rain in the dark. After five 1 min washes in distilled water, the grids were treated for 1 min with Reynolds lead citrate, washed 4 times in distilled water, and allowed to dry in air. Grids were observed in a Philips 400T transmission microscope; for morphological analysis, images were magnified 100,000-fold. The sections were 100 nm thick (50 nm in one case) as judged by their interference color. The thickness of two sections, one 100 nm and the other 50 nm thick, was checked by electron microscopy. The sections were laid on Formvar films, incubated with colloidal gold to visualize their surfaces, and then cut perpendicularly. Films and sections could readily be distinguished by their electron density. The Formvar film was 45-50 nm thick and the section 90 nm (55 nm in one case).
Measurement of Granule Diameters
Electron micrographs underestimate the diameter of spherical structures that are not sectioned through their centers. In Figure 7A , we imagine a spherical granule of radius R moved through a section of thickness h and plot the largest diameter of the granule profile captured by the section against the position of the granule's center. The average profile radius, r, is equal to the area under the curve divided by the horizontal distance between the extremes of the curve: r = (~R2/2 + Rh)/(2R + h).
The radius of the granule, R, is R = 12r -h + [4r 2 + rh(2~ -4) + h2]'J'l/~
If the section thickness is small compared with the granule radius, equation 2 becomes R = 4r/~, and the average diameter will be underestimated by the factor 4/~. As the section thickness increases, equation 2 applies, and the error is less because there is now a greater chance that the section includes the center of the granule. When using equation 2, r was taken as the average profile radius.
Estimating the Number of Granules per Square Micrometer
Depending on the separation of granule profiles from the plasmalemma, different conversion factors are needed to translate granules/p.m length of plasmalemma into granules/#m 2 cell surface area, as follows. "Remote" granule profiles separated from the plasmalemma by one granule radius or more can have their centers outside the section by up to one granule radius, Rg ( Figure 7B , granules 2 and 3). Therefore, a section of thickness h samples such granules from a layer of thickness (h + 2Rg). To convert profiles/~m into granules/pm 2, we divide by (h + 2Rg), as is commonly done to convert numbers per unit area into numbers per unit volume (Weibel et al., 1966; see Table 2 ). The closed circles in Figures 5A and 5B were obtained in this way (see right hand ordinates).
Docked granules are sampled from a thinner layer. For example, an idealized spherical granule would touch a planar membrane at a single point, and if the section contains this point of contact, it must also contain the center of the granule. In reality, the geometry of plasmalemma and granule is imperfect and our resolution limited; therefore, granules appear to contact the plasmalemma over a finite area. The insets in Figure 4 show how we estimated the diameter, 2Re, of this contact area. In Figure 7C , this contact zone is shown as a rectangle. Only docked granules with centers located within a layer of thickness (h + 2Re) will show up as touching the plasmalemma. To convert profiles/p.m into granules/pm 2, we divide by (h + 2Re) ( Figures 5A and 5B, closed triangles). In general, profiles separated from the plasmalemma by a distance less than Rg (e.g., Figure 7B The granule profile radius depends on the plane of section. Ordinate shows the radius of profiles resulting from sections through granules with radius R; abscissa shows center to center distance between section and granule. We assume that the granule is viewed in projection as if the section were transparent; the radius plotted is the largest within the section.
(B and C) The finite diameter of granules and contact zones increases the thickness of the layer being sampled by a section. The sections are drawn shaded. (B) shows docked (1 and 2) and remote (3) granules with their centers outside the section by distances up to Rg; thick lines indicate the diameter and location of the granule sections as they would appear in the resulting micrograph. (C) shows 2 granules touching the plasmalemma; contact areas are indicated by rectangles.
come from granules with centers within the section or outside the section by a distance less than Rg.
